Objective: Adult height deficit seen in Turner syndrome (TS) originates, in part, from growth retardation in utero and throughout the first 3 years of life. Earlier diagnosis enables earlier therapeutic intervention, such as with recombinant human GH (r-hGH), which may help to prevent growth retardation. In this open-label, multicentre phase III study, we investigated efficacy and safety in r-hGH treatment in young girls with TS. Subjects and methods: Girls (nZ61) aged !4 years with TS receiving 0.035-0.05 mg/kg per day r-hGH for 4 years were compared with an historical control group (nZ51) comprising untreated, age-and height-matched girls with TS. The main outcome measure was change in height SDS (H-SDS). Other measures included changes in height velocity SDS, IGF1 levels and glucose metabolism. Results: After 4 years, a gain in mean H-SDS of 1.0 SDS (from K2.33G0.73 to K1.35G0.86 SDS) was observed with r-hGH treatment, in contrast to the decrease in mean H-SDS of 0.3 SDS in the control group (from K2.09G0.81 to K2.44G0.73 SDS; P!0.0001). r-hGH treatment was the main predictor of H-SDS gain and accounted for 52% of variability (multivariate analysis). r-hGH was well tolerated. As expected, IGF1 levels rose with treatment. A case of transient glucose intolerance resolved after dietary adaptation. Conclusion: Early treatment with r-hGH helps to prevent natural evolution towards short stature in most girls with TS. IGF1 levels and glucose metabolism should be monitored routinely during r-hGH therapy.
Introduction
It is estimated that one in every 2500 live-birth girls is affected by Turner syndrome (TS) (1) . Girls with TS carry an abnormal or missing X chromosome in some or all of their cells and have a range of different phenotypes including lymphoedema, webbing of the neck, cardiac abnormalities and gonadal dysgenesis (1, 2) . The most common feature of TS is short stature, which occurs as a result of growth retardation before birth, throughout childhood and during adolescence (1, 3) . Of the 2.0-3.0 S.D. height deficit seen in girls with TS, longitudinal studies have estimated that 0.7-1.2 S.D. are lost before birth and 1.3-1.8 S.D. are lost in the first 3 years of life (4, 5) .
Recombinant human GH (r-hGH) treatment increases growth in girls with TS (6, 7) , with a final adult height gain of about 6 cm (8) . Important factors associated with adult height are age at onset of treatment (negative association) and the duration of treatment (positive association), raising the question of earlier intervention with GH in this patient population (9) (10) (11) . Therefore, it may be possible to realise the maximal therapeutic benefits of r-hGH in girls with TS by initiating treatment during the first few years of life. Until recently, studies investigating r-hGH treatment in TS have not included girls under the age of 4 years, perhaps, in part, because of delayed diagnosis of TS (7) . However, in the past decade, guidance on the diagnosis of TS has improved (12, 13) , leading to a rise in the number of girls being diagnosed with TS at an earlier age (14) . Recent studies have shown that early treatment with GH of infants and toddlers with TS improves growth (15, 16) .
This study was conducted to evaluate the efficacy and safety of r-hGH treatment in girls with TS under the age of 4 years. After 4 years of treatment, height in these girls was compared with an historical control group of untreated girls with TS, matched for age and height at baseline.
Subjects and methods
A total of 64 girls with TS, aged !4 years born between 1988 and 1995 (median 1991) and with a height at least 1 SDS below the general population standard (17, 18) , were enrolled at 24 centres in France between 1992 and 1997. Girls with any form of TS-associated X-chromosome abnormality were included in the study. Girls were excluded if they were found to have abnormal glucose metabolism, were GH deficient, had other medical conditions (e.g. renal deficiencies or cardiac dysfunction) or were receiving concomitant medications that could interfere with their growth (e.g. steroids). Written informed consent was given by the parent(s)/guardian(s) of each girl prior to entry to the study. The study was conducted in accordance with the Declaration of Helsinki and the principles of Good Clinical Practice and was approved by the Paris Cochin (CCPPRB) ethics committee.
Longitudinal assessment was conducted on an historical group of 51 untreated control girls with TS born between 1961 and 1990 (median 1978) collected by SC for comparison with individuals receiving r-hGH treatment. Selection criteria for the control group were TS assessed by the karyotype, known target height, known birth height and weight, known final height, highest period between height measurements of 6 months and height below K1 S.D. relative to the general population standard. These untreated girls were matched to the treated group by age and height at baseline (within 3 months and 2 cm respectively) and followed in the same centre. Birth weight, birth length and parental height were recorded and their height was measured at least once every 6 months.
Study design and interventions
This was a multicentre, open-label, phase III study (Merck Serono study 5834, NCT01066052). After inclusion, all girls received r-hGH (Saizen, Merck Serono S.A., an affiliate of Merck KGaA) as a subcutaneous injection administered by a parent in the evening. During years 1-2, the dose of r-hGH received by the girls depended on their baseline height SDS (H-SDS) relative to the general population standard (17, 18) ; girls with an H-SDS of K2 S.D. or lower received 0.05 mg/kg per day r-hGH (the standard dose licensed for TS in France) and those with an H-SDS between K1 and K2 S.D. received 0.035 mg/kg per day r-hGH. After 2 years of treatment, all girls received a fixed dose of 0.05 mg/kg per day for a further 2 years.
Assessments
The primary outcome measure in this study was change in H-SDS from baseline to 4 years. Clinical examinations were conducted at baseline and every 3 months during the study. At each visit, height was measured using a stadiometer, by the same investigator on each occasion. Changes in auxological parameters (H-SDS, height velocity SDS (HV-SDS)) were compared with published growth standards for general and TS populations (17, 18) . Blood pressure was measured and the nature and incidence of adverse events (AEs) were recorded at each visit.
At baseline and every 6 months throughout the first 2 years of treatment, laboratory tests were conducted (haematology, blood glucose metabolism and levels of insulin-like growth factor 1 (IGF1) and bone age (BV) was assessed. Changes in glucose metabolism were monitored by measuring blood glucose concentration, HbA1c levels and an oral glucose tolerance test every 2 years. Samples for IGF1 levels were taken during the first and second years of the study and were analysed at the end of the study in a central laboratory. After extraction, IGF1 levels were measured by RIA using a polyclonal anti IGF1 antibody (19) . Thyroid function was assessed at baseline and at 6, 12 and 24 months. The production of antibodies to r-hGH was monitored at baseline and at 3, 6, 12 and 24 months, measured in a central laboratory using ELISA.
During the following 2 years, the treated girls continued to receive r-hGH. Assessments of blood glucose (HbA1c) and IGF1 levels, liver function (transaminases and g-glutamyl transpeptidase) and BV were recommended annually and performed at the discretion of the investigator.
Statistical methods
All girls receiving at least one dose of treatment were included in the efficacy and safety analyses (intentto-treat population). The difference between treated and control groups was analysed using Student's t-test, and differences between standard dose and lower dose groups were analysed using unpaired t-test. All statistical tests were two sided and performed at the 5% level of significance. Multivariate analysis of the determinant(s) of H-SDS gain was conducted and included terms for age, H-SDS and HV-SDS (TS standard) at baseline, study cohort, birth length SDS, parental H-SDS (general population standard) and karyotype. Because of the small numbers of girls in each dose group, this multivariate analysis was not corrected for dose. The primary objective of the study was to compare the height of girls who had received r-hGH treatment for 4 years against the control group of untreated girls with TS, matched for age and height at baseline.
Results

Patients
Of the 64 girls with TS who were enrolled in the study, 61 received r-hGH treatment for 4 years and completed the study. During years 1-2, 43 girls received 0.035 mg/kg per day r-hGH and 18 girls received 0.05 mg/kg per day r-hGH. A total of 200 girls were screened in the control group and only 51 of these were matched to girls in the treated group according to age and height at baseline. Baseline demographic characteristics were similar for girls treated with r-hGH and those in the control group ( Table 1 ), except that, as expected, girls with a baseline H-SDS above K2 had a significantly higher target H-SDS. There were no significant differences in karyotype distribution in both the groups. Girls included in the study had a mean height typical of girls with TS at this age (18) . There was no significant difference in the meanGS.D. age of girls who received 0.035 mg/kg per day r-hGH and those who received 0.05 mg/kg per day r-hGH (Table 1 ).
Height and growth velocity
After 4 years of treatment, a significant gain in mean H-SDS relative to the general population of about 1.0 SDS (from K2.33G0.73 to K1.35G0.86 SDS) was observed in the r-hGH-treated group. This contrasts with the decrease in mean H-SDS of about 0.3 SDS observed in the control group (from K2.09G0.81 to K2.44G0.73 SDS; P!0.0001 versus treated group; Fig. 1a) . Thus, the between-group mean difference in height SDS after treatment was 1.09G0.80. This effect was reflected by a significant increase in mean HV-SDS, relative to the general population, in the treated group (increase of 0.8 SDS from K1.22G1.57 to K0.44 G1.35), compared with the control group (increase of 0.3 SDS from K1.38G0.84 to K1.13G1.31; P!0.001 versus treated group; Fig. 1c ). Figure 1 also shows the results when the girls were grouped by their GH dose during years 1-2.
Most or all of this gain in H-SDS occurred during the first 2 years of the study and, during this period, girls receiving the standard dose of r-hGH showed a significantly greater increase in mean H-SDS (general population standard) than those who received the low dose of r-hGH (1.05G0.49 vs 0.62G0.29 respectively; PZ0.0009).
After 4 years, 49 girls (80.3%) in the group receiving r-hGH had maintained or reached a normal height (i.e. a height within K2 SDS of the general population standard), whereas 38 girls (74.5%) in the control group still had short stature (i.e. a height of K2 SDS or lower, relative to the general population standard; Fig. 2 ).
Relative to the general TS population, girls with TS treated with r-hGH showed an improvement in H-SDS (Fig. 1b) and HV-SDS (Fig. 1d) compared with untreated girls, as had been expected. Specifically, these results showed a significant gain in mean H-SDS of about 2 SDS (from K0.42G0.74 to 1.64G0.94 SDS) in the r-hGHtreated group compared with about 0.7 SDS in the control group (from K0.21G0.80 to 0.44G0.74 SDS; P!0.0001) and a significant increase in mean HV-SDS in the treated group (gain of 1.3 SDS from K0.16G1.58 to 1.11G1.23 SDS) compared with the control group (gain of 0.7 SDS from K0.29G0.88 to 0.44G1.08 SDS; P!0.001).
Multivariate analysis showed that the main predictor of H-SDS gain (TS population standard) was whether girls had received r-hGH treatment (this accounted for 52% of variability; Table 2 ). There were two additional factors that had a significant effect on H-SDS gain: H-SDS at baseline (4.5%) and maternal H-SDS (3.3%). Age was not a predictor of H-SDS gain in this young cohort.
Bone age
At baseline, the meanGS.D. value for BV minus chronological age (BAKCA) among the girls who received r-hGH was K8.9G7.5 months (nZ58). After 1 year of r-hGH treatment, BAKCA was unchanged (K8.7G6.5 months, nZ60, PZ0.787), and after 2 years of treatment, BAKCA was still not significantly different from baseline (K8.1G7.8 months, nZ57, PZ0.450). Data on BV were not recorded for girls in the control cohort.
Safety
A total of 236 AEs occurred among 47 girls during the study. None was considered related to the study treatment. The most frequent AEs were infectious diseases (213/236, 90.3% of AEs), which are common in girls of this age. Gastrointestinal disorders constituted ten AEs (10/236, 4.2%). Among those, eight AEs were considered to be of a serious nature: seven occurred in the low-dose group (urethral reflux corrected by surgery; trauma leading to scalp surgery; measles, serious otitis and IgG g4 deficiency; arterial hypertension; chronic persistent cytolysis; surgical procedure to remove a large mass thought to be a meningocele or a benign cyst; placement of a transtympanic drainage tube) and one occurred in the standarddose group (tonsillectomy/adenoidectomy). All serious AEs resolved.
Carbohydrate metabolism was normal in all but one girl receiving r-hGH (meanGS.D. HbA1c (%) among treated girls: 4.70G0.87 at baseline, 4.87G0.87 after 2 years). This girl, in the low-dose group, experienced transient glucose intolerance after 6 months of treatment (normal fasting glucose level, HbA1cZ 8.6%), which was resolved by a change in diet (normal fasting glucose level, normal HbA1c at 18 months of treatment).
Mean IGF1 levels at baseline were within the normal ranges; levels rose significantly during the first 6 months of treatment and did not change significantly thereafter (Fig. 3) . During the first 24 months of r-hGH treatment, IGF1 levels were similar in both the groups. At 24 months, girls treated with the lower dose of r-hGH had significantly lower IGF1 levels than those treated with the higher dose (223G58 and 280G67 ng/ml respectively; PZ0.004). About 75% (46/61) of the treated girls experienced elevated IGF1 values (O2 SDS for age). Other parameters (blood pressure, haematology, anti-hGH antibodies and thyroid activity) did not differ significantly between groups and remained within normal levels throughout the study.
Discussion
The results of this study have shown that r-hGH treatment initiated before 4 years of age significantly increases growth in girls with TS compared with the historical control group, helping to prevent the natural trend towards short stature shown by untreated girls with this disorder. This study specifically focused on the initiation of r-hGH treatment in early childhood, during the years when growth rate is most affected by the disease (4, 5) . In this study, 80% of the 61 girls receiving 4 years of treatment with r-hGH were able to attain a normal height by a mean age of 6.6 years. After 4 years of treatment, girls were 1.09 S.D. higher than untreated girls relative to the general population. Previous studies in which treatment was started at an older age (w8-12 years) have reported similar gains in height, ranging from 0.8 to 2.1 SDS (20) (21) (22) (23) . Several studies have examined whether earlier age at r-hGH initiation leads to a better therapeutic outcome in girls with TS. Although one study found no effect (24) , other studies have concluded that earlier treatment leads to greater height gains (9, 11, (25) (26) (27) . However, one limitation of these approaches is that the data derive from girls with a mean age at start of treatment ranging from 7 to 13 years and cannot be extrapolated to the young age group studied here.
To our knowledge, this study examines the effects of r-hGH treatment in one of the youngest cohorts of girls with TS to be assessed to date. In girls with TS, the duration of GH therapy prior to oestrogen initiation is a strong predictor of adult height (28, 29) . The potential benefits of early treatment with r-hGH in young girls with TS have been investigated by two studies, which includes one randomised study. The r-hGH treatment resulted, in 29 girls with TS under the age of 6 years, in a meanGS.D. H-SDS improvement of 1.46G0.88 (16) and, in 88 girls aged between 9 months and 4 years, in a gain of 1.6G0.6 in H-SDS (15) . Our study, in a group of 61 young girls with TS over 4 years of treatment, thus confirms the finding that early treatment is effective in girls with TS for the prevention of growth retardation. We also add to these results by showing that treatment with r-hGH increased H-SDS in girls with a normal height at study entry (the lower dose group). However, it will be essential to analyse adult heights in this group, all of whom will be older than 17 years in 2012.
In this study, multivariate analysis revealed that baseline H-SDS had a negative effect on H-SDS gain observed with r-hGH treatment. A number of other studies investigating the use of GH therapy in girls with TS have reported that treatment has a greater effect on growth in shorter girls than it does in girls with a smaller height deficit before treatment (22, 25, 30) . In this study, girls with greater height at baseline grew less than those with a shorter height; this may be explained by the dose of r-hGH used, depending on the height of the girl at entry to the study.
Overall, r-hGH was well tolerated, with the most common AEs being common childhood infections that were considered as unrelated to the study treatment. Girls with TS have an increased risk of glucose metabolism abnormalities (relative risk (RR) of type 1 diabetes: 11.6, 95% confidence interval (CI): 5.3-22.0; RR of type 2 diabetes: 4.4, 95% CI: 2.4-7.7) (1). Furthermore, it is generally accepted that GH therapy induces insulin resistance in girls with TS (1), an effect that is reversible with discontinuation of treatment (31) . In our study, we observed one episode of transient glucose intolerance in a girl receiving r-hGH, and this was resolved by dietary adaptation. It is not yet clear whether the increased risk of insulin resistance associated with GH therapy translates to an increased glycaemic risk with long-term treatment. In one study that evaluated 47 girls with TS, treatment with r-hGH (0.05 mg/kg per day) over 6 years led to a significant increase in fasting insulinaemia, but did not significantly increase the risk of impaired glucose tolerance or type 2 diabetes mellitus (32) . We observed an increase in IGF1 levels during the first 6 months of r-hGH treatment, which remained elevated for the rest of the study. Similarly, Massa et al. (1992) (33) have reported that IGF1 levels increase rapidly during the first few months of treatment and then reach a plateau. Unfortunately, in this study, due to the centralised analyses of IGF1 dosage at the end of the study, no action was taken to monitor the treatment according to the IGF1 level. This differs clearly from the current standard of r-hGH treatment.
This study had a number of limitations, which should be considered. First, there was no dose correction in the multivariate analysis; a dose correction may have allowed a better assessment of treatment effect. Secondly, despite our matching strategy, the study group and the historical control group might differ slightly, introducing bias in the analysis (for example the early diagnosis of TS in the study group may reflect a more severe disease than the control group). Thirdly, IGF1 values were only assessed during 2 years. Longerterm data (e.g. at 4 years) would have provided valuable additional information about the effects of r-hGH treatment on the GH-IGF1 axis. The girls received a slightly lower r-hGH dose than was assigned (standard dose: 0.047 instead of 0.05 mg/kg per day; low dose: 0.033 instead of 0.035 mg/kg per day), but this was unlikely to impact on the results.
In conclusion, this study has shown that in girls who have TS, treatment with r-hGH during the first years of childhood, when growth retardation is greatest, leads to large and significant increases in height. Overall, our results show that r-hGH has a favourable safety profile in young girls with TS, although careful monitoring of IGF1 levels and glucose metabolism is recommended. GH might be used in girls with low normal height to prevent short stature, yet final height and long-term tolerance data are necessary to issue recommendations from our study.
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